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We consider scattering of surface plasmon polaritons (SPPs) and light by individual high-
refractive-index dielectric nanoparticles (NPs) located on a metal (gold) substrate and supporting
electric and magnetic dipole resonances in the visible spectral range. Numerical calculations are car-
ried out by making use of the discrete dipole approximation including the multipole decomposition
procedure. Extinction and scattering cross section spectra of spheroid silicon NPs in visible and
near-infrared are presented and discussed. The roles of the in-plane and out-of-plane components
of electric and magnetic dipoles in the scattering processes are clarified and demonstrated. It is
revealed that, owing to the NP interaction with electromagnetic fields reflected from the substrate
(that leads to bianisotropy), the in-plane electric and magnetic dipoles can resonantly be excited at
the same wavelength. Due to this effect, the resonant unidirectional (forward) and elastic (in-plane)
scattering of SPPs by oblate spheroid NPs can be realized within a narrow spectral range. In the
case of normal light incidence, the bianisotropy effect can provide significant suppression of the SPP
excitation because of the destructive interference between the SPP waves generated by induced elec-
tric and magnetic dipole moments. The results obtained open new possibilities for the development
of SPP-based photonic components and metasurfaces, whose operation involves resonant excitations
of dielectric NPs.
PACS numbers:
I. INTRODUCTION
Surface optical electromagnetic waves can be excited
at the interface between a dielectric and a metal and
are called surface plasmon polaritons (SPPs). One of
the most attractive properties of SPPs is the possibil-
ity to concentrate and channel electromagnetic radiation
using subwavelength structures.1,2 Experimental stud-
ies demonstrated that ensembles of metal nanoparticles
(NPs) arranged on metal surfaces can be used to realize
efficient micro-optical elements for two-dimensional (2D)
manipulation of SPP waves, such as mirrors, beam split-
ters and interferometers3–8. Furthermore, periodic arrays
of metal NPs have been shown to exhibit band gap prop-
erties for SPPs.9 If such an SPP band-gap structure has
narrow channels free from NPs, then SPP waves can be
confined to and guided along these channels.9
From the theoretical point of view, the SPP scattering
properties of individual metal NPs and NP ensembles
mentioned above can efficiently be treated in the point-
dipole approximation,10,11 with each NP being consid-
ered as an electric dipolar scatterer and the NP dipole
moments being self-consistently determined by solving
the couple-dipole equations.7,12 It has been shown that
electric dipolar NPs scatter SPP waves mainly isotrop-
ically, with only small modulation in the forward and
backward directions with respect to the incident SPP
propagation.11 With increasing of NP sizes, higher multi-
pole modes of NPs can be excited influencing and chang-
ing the SPP scattering diagrams13, a feature that could
be used for functional optimization of SPP-based com-
ponents. It should, however, be borne in mind that
metal NPs efficiently absorb the electromagnetic radi-
ation at optical frequencies due to large Ohmic losses.
This feature together with the (inelastic or out-of-plane)
scattering SPP into light, propagating away from metal
surface,14 can significantly restrict the application poten-
tial of metal NP structures in 2D SPP-optics.
It is possible overcome this principal drawback of
metal NPs and nanostructures by employing an alter-
native approach based on high-refractive-index dielec-
tric or semiconductor NPs. Due to Mie resonances,
the dielectric NPs can strongly interact with both elec-
tric and magnetic field components of optical waves.15
Recently it has been shown both theoretically16,17 and
experimentally18,19 that crystalline silicon NPs exhibit
pronounced optical Mie resonances associated with the
excitation of magnetic and electric dipole (MD and ED)
modes in these NPs. Depending on NP sizes, the reso-
nances can be realized within the visible or near-infrared
spectral ranges, where the silicon dielectric permittivity
has a very small imaginary part and the silicon NPs can
be considered as high-refractive-index dielectric NPs. Be-
cause silicon NPs support resonant excitation of MD and
ED modes, there appears a possibility to realize a strong
unidirectional (forward) light scattering by satisfying the
so-called Kerker condition.16,20,21 Importantly, the spec-
tral separation between the ED and MD resonances can
be controlled by NP shapes and irradiation conditions22
that gives a possibility to realize the resonant Kerker
effect and to create novel metamaterials.23–25 Resonant
optical properties of high-refractive dielectric NPs have
been suggested for realization of new types of opti-
cal nanoantennas26–28 and ultra-high efficiency photo-
voltaic cells.29,30 However, resonant interaction of high-
refractive index dielectric NPs with SPPs have not hith-
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FIG. 1: Schematic presentation of (a) SPP and (b) light scat-
tering processes by an individual silicon NP located on a gold
substrate. Scattering channels include the SPP excitation and
scattering into light propagating away from the substrate.
erto been considered.
In this paper we concentrate on this problem and theo-
retically investigate SPP and light scattering by individ-
ual silicon NPs located on a metal (gold) substrate and
supporting ED and MD resonances in the visible spec-
tral range. It is predicted and numerically demonstrated
that, due to NP interaction with the electromagnetic
fields reflected from the substrate (bianisotropy effect)
the resonant unidirectional (forward) and elastic scatter-
ing of SPPs by spheroid silicon NPs can be realized within
a narrow spectral range and exploited for developing new
SPP-based photonic components and metasurfaces.
II. THEORETICAL BACKGROUND
We assume that a silicon NP is located near a metal
surface supporting the SPP propagation (Fig.1). This
implies that dielectric permittivity εs of metal satisfies
the conditions −Re(εs) > εd > 0 and −Re(εs) >>
Im(εs) in the considered spectral range, where εd is the
dielectric permittivity of a medium above the metal sur-
face (in this paper εd = 1). The last inequality guaranties
that the SPP propagation length is larger than the SPP
wavelength. Under these conditions, for the sake of sim-
plicity, we can neglect the imaginary part of εs for calcu-
lations of extinction and scattering cross sections31,32.
When an NP is illuminated either by an SPP wave
propagating along the substrate surface or a light wave
incident on the substrate, there are two scattering chan-
nels: i) into SPPs and ii) into light propagating away
from the metal surface (Fig.1). The scattered electric
field above the surface (z > 0, Fig.1) is
Ea(r) = Ed(r) +Er(r) + ESPP(r) , (1)
where Ed(r) and Er(r) are the electric fields of direct
light waves and light reflected from metal surface, respec-
tively, and ESPP(r) is the field of the scattered SPPs.
Applying the procedure of multipole decomposition in
the far-field approximation for monochromatic electro-
magnetic waves (with the time dependence defined by
exp(−iωt), where ω is the angular frequency), the elec-
tric field Escat of scattered waves can be expresseded in
the following general form32
Escat(r) ≈ k
2
0e
−ikn·r0
ε0
Sˆ(r)
{
p− k
ω
[n×m]
− ik
6
Qˆn− k
2
6
Oˆ(nn) +
ik2
2ω
[n× Mˆn]
}
.
(2)
where k0 is the wave number of light, ε0 is the vac-
uum dielectric permittivity, p and m are the electric
and MD moments of the scatterer, respectively, Qˆ and
Mˆ are the electric and magnetic quadrupole tensors of
the scatterer, respectively, and Oˆ is the electric octupole
tensor. The multipole moments are calculated (and con-
sequently located) at the point r0. The value k, vector
n and the tensor Sˆ(r) are determined by the scattered
waves (1). For Ed(r): k = kd = k0
√
εd; n = r/|r|.
For Er(r): k = kd = k0
√
εd; n = r
′/|r′|, where r′ =
(x, y,−z). For ESPP(r): k = kS = k0
√
εsεd/(εs + εd);
n = (x/ρ, y/ρ,−ia), ρ =
√
x2 + y2, a =
√
−εd/εs. The
multipole moments of the NP are calculated using the
induced polarization P(r) = ε0(εp − εd)E(r) inside the
NP, where E(r) is the total electric field inside the NP
and εp is its dielectric permittivity.
p =
∫
VS
P(r′)dr′ (3)
is the ED moment,
Qˆ ≡ Qˆ(r0) = 3
∫
VS
(∆rP(r′) +P(r′)∆r)dr′, (4)
m ≡m(r0) = − iω
2
∫
VS
[∆r×P(r′)]dr′, (5)
are the electric quadrupole tensor, the MD moment,
where VS is the NP’s volume, ∆r = r
′ − r0 (it is con-
venient to choose the point r0 at the NPs’s center of
mass22). Note, that nn and ∆rP represent the dyadic
(outer) products between the corresponding vectors. Ex-
pressions for higher-order multipole moments and electric
fields generated (scattered) by the corresponding multi-
pole moments can be found elsewhere.32
3A. Scattering and extinction cross-sections
Let us first consider the scattering cross sections. Since
scattered light waves propagate away from the metal sur-
face, their interference with scattered SPP waves prop-
agating along the surface is negligible weak in the far-
filed zone. As a result the total scattering cross sec-
tion σscat can be represented as the sum of two parts
σSPP and σLight corresponding to the scattering into
SPP and into light propagating away from the surface,
respectively:11,31
σSPP =
PSPP
Pin
, and σLight =
PL
Pin
, (6)
where PSPP and PL are the scattered powers into
SPP and light, respectively, Pin is the incident wave
power. For the incidence of a light plane wave: Pin =√
ε0εd/µ0|E0|2/2, and in the case of incident SPP plane
wave:
Pin =
1
2k0
√
ε0
µ0
1− a2
2a
(1− a4)|ESPP0 |2 ,
where E0 and E
SPP
0 are the electric amplitudes of the
incident light plane wave and the normal (out-of-plane)
component of incident SPP plane wave, respectively.
Note that, in the case of SPP incidence, Pin is deter-
mined per unit length.11,14
The power of scattered SPP propagating into a in-
plane angle [ϕ, ϕ + dϕ] (the polar coordinate system) is
given by the expression:32
P (ϕ)dϕ =
√
ε0
µ0
(1− a2)(1− a4)
4ak0
|ESPPz|2ρdϕ , (7)
where the z-component (out-of-plane) of the scattered
SPP electric field ESPPz is taken in the domain above
metal surface just on metal surface (z = 0). Note that the
expression (7) was obtained by neglecting the imaginary
part of metal permittivity εs. The total SPP power can
be written down as follows:
PSPP =
∫ 2pi
0
P (ϕ)dϕ =
∫ pi/2
−pi/2
P (ϕ)dϕ+
∫ 3pi/2
pi/2
P (ϕ)dϕ ,
(8)
where the first and second integrals from the right hand
side are the ”Forward” FSPP and ”Backward”BSPP scat-
tering powers, respectively (here we suppose that the
incident SPP plane wave propagates along the positive
direction of x-axis as shown in Fig 1a).
Using the electric field ESPPz as a superposition of mul-
tipole fields (2), the contribution of different multipoles
in the scattered SPP power can be evaluated. In the
electric and MD approximation one can write32
ESPPz ∼ pz + iapρ − (1− a2)√µ0ε0 kS
k0
mϕ , (9)
where pz and pρ are the out-of-plane and in-plane com-
ponents of ED moment p, respectively, and mϕ is the
in-plane component of the MD moment m. The in-plane
components are connected with the Cartesian component
of the corresponding dipole moments: pρ = px cosϕ +
py sinϕ and mϕ = −mx sinϕ+my cosϕ. It is important
to note that i) the contribution of the in-plane compo-
nent of ED moment pρ is proportional to the parameter a,
which is very small (a << 1) in the spectral region where
SPPs can be excited and ii) the out-of-plane component
mz of MD does not excite SPP on metal surfaces.
The scattered power into the light waves propagating
away from the metal surface can be calculated from32
PL =
1
2
√
ε0εd
µ0
∫ pi/2
0
∫ 2pi
0
|Ed +Er|2r2 sin θdθdϕ , (10)
where ϕ and θ are the azimutal and polar angles of the
spherical coordinate system, respectively. Note that the
expression
σ(ϕ, θ) =
1
2Pin
√
ε0εd
µ0
|Ed +Er|2r2 (11)
is the differential cross section of the scattering into the
light propagating away from the substrate surface. This
value describes the angular distribution of the scattered
light. In the electric and MD approximation one can
write32
(Ed +Er)ϕ ∼ [r(s)eikd2z0 cos θ + 1]
×(pϕ +√µ0ε0εd mz sin θ) (12)
+[r(s)eikd2z0 cos θ − 1]√µ0ε0εd mρ cos θ ,
and
(Ed +Er)θ ∼ [r(p)eikd2z0 cos θ + 1]
×(√µ0ε0εd mϕ − pz sin θ) (13)
+[1− r(p)eikd2z0 cos θ] pρ cos θ ,
where r(s) and r(p) are the reflection coefficients for s- and
p-polarized waves, respectively,32 z0 is the position of the
dipole moments, pρ and pϕ = −px sinϕ+py cosϕ are the
in-plane components of the particle ED moment, mρ =
mx cosϕ +my sinϕ. In contrast to (9) contributions of
the ED in-plane components in electric field (12) and (13)
are not proportional to the small parameter a.
The extinction (scattering+apbsorption) cross-section
σext can be evaluated by
10,33
σext =
Pext
Pin
=
ω
2Pin
Im
∫
VS
E∗0(r) ·P(r)dr , (14)
where Pext is the extinction power, E0(r) is the electric
field of the incident (external) electromagnetic waves (the
field that we would have if the scattering object was not
there). The multipole decomposition of the extinction
cross section is presented elsewhere.32 In the case of SPP
plane wave incidence (Fig. 1a)
E0(r) = E
SPPeikSx−akSz(−iaxˆ, 0, zˆ) , z > 0 , (15)
4where ESPP is the amplitude magnitude of electric field.
In the case of light plane wave incidence
E0(r) = e
ikdx sin β(Ein0 e
−ikdz cosβ +REref0 e
ikdz cosβ) ,
(16)
where β is the incident angle, Ein0 and E
ref
0 are the am-
plitude vectors of the incident and reflected waves, re-
spectively, R is the reflection coefficient depending on
the wave polarization. Here we suppose that the light
incident plane is the xz-plane (Fig. 1b). In the case of
TE-polarization Ein0 = E
ref
0 and
R =
cosβ −
√
(εs/εd)− sin2 β
cosβ +
√
(εs/εd)− sin2 β
.
In the case of TM -polarization Ein0x = −Eref0x and Ein0z =
Eref0z , and
R =
εs cosβ − εd
√
(εs/εd)− sin2 β
εs cosβ + εd
√
(εs/εd)− sin2 β
.
The magnetic field H0 can be found using the Maxweel
equation ∇×E0 = ik0
√
µ0/ε0H0.
III. RESULTS AND DISCUSSIONS
Our numerical calculations are carried out using the
discrete dipole approximation (DDA)33 including the
procedure of the multipole decomposition.32 We consider
first a spherical 95-nm-radius silicon NP placed near a
gold surface (the space gap between the NP and the
substrate is equal to 5 nm). The studied system to-
gether with the chosen coordinate system are shown in
Fig.1a. Dielectric constant for gold and crystalline sili-
con are taken from the tables in Refs. JC1972 and Palik,
respectively. Importantly, for gold Re a >> Im a and
a ≈ Re a ≤ 0.3 and kS/k0 ≈ Re kS/k0 ≈ 1 in the con-
sidered optical range. This will be used in the following
when conducting estimations.
A. SPP scattering
Scattering and extinction cross-sections for the case of
SPP scattering by the spherical silicon NP are shown
in Fig.2a. Small differences between the scattering and
extinction cross sections indicate on very weak absorp-
tion of electromagnetic energy by the NP. The partial
scattering cross-sections for the two scattering channels
are also presented in Fig. 2a. In the whole considered
spectral range, the (elastic) SPP scattering into SPPs
is more efficient than the (inelastic) SPP scattering into
light. Especially, this concerns the spectral vicinity of
the wavelength of 645 nm, at which the ratio between
σSPP and σLight is at its maximum and equals to 4 (blue
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FIG. 2: (a) Extinction and scattering cross-section spectra
of a spherical silicon NP (with the radius of 95 nm) lo-
cated on a gold surface and irradiated by a SPP plane wave.
SPP (Light) scattering corresponds to σSPP (σLight). (b)
Corresponding spectral dependence of the ratios σSPP/σLight
and FSPP/BSPP. For convenient presentation the ratio
σSPP/σLight was multiplied by the factor 4.
curve in Fig.2b). Note that this maximum of the elastic
SPP scattering is realized outside the resonance of the
total scattering cross-section and outside the spectral re-
gion, within which the forward SPP-into-SPP scattering
dominates over the backward one resulting in the unidi-
rectional SPP scattering (red curve in Fig.2b). For phys-
ical clarification of these scattering features, we employ
a multipole analysis of SPP scattering by NPs on a plane
surface.32 From the multipole decomposition presented in
Fig. 3 one can see that the extinction is basically deter-
mined by contributions of the out-of-plane ED (pz) and
in-plane MD (my) moments of the NP. Contributions of
the in-plane ED (px) and electric quadrupole moments
in the extinction cross-section are weak. The broad peak
is associated with resonant excitation of my at the wave-
length of 670 nm and the nonresonant contribution from
pz. So that the resonant forward (unidirectional) scatter-
ing of the incident SPP into SPPs (Fig. 2b) is explained
by interference effect between electromagnetic fields gen-
erated bymy and pz. From (9) neglecting contribution of
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FIG. 3: Extinction cross-section spectra of a spherical silicon
NP (with the radius of 95 nm) located on a gold surface.
The plot shows different multipole contributions to the total
extinction cross section: ED electric dipole; MD magnetic
dipole; EQ electric quadrupole.
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FIG. 4: Spectral dependence of the ratio (18) for the param-
eters as in Fig. 2.
apx and taking into account that a
2 << 1 and kS/k0 ≈ 1
one can write
ESPPz ∼ pz −√µ0ε0 my cosϕ . (17)
At the condition of the forward (backward) scattering
(with respect to the direction of incident SPP) ϕ = 0(pi).
Therefore the ratio between the elastic forward and back-
ward SPP scattering can be estimated as
|pz −√µ0ε0 my|2
|pz +√µ0ε0 my|2 . (18)
The spectral maximum of the ratio (18) shown in Fig. 4
is in good agreement with the corresponding maximum
for FSPP/BSPP in Fig. 2b confirming a very small role of
the px component in the unidirectional SPP scattering.
Weak negative (antiresonant) contribution of the in-
plane ED px into the extinction cross section (Fig. 3,
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FIG. 5: The magnitudes of the in-plane px and out-of-plane
pz components of the ED moment and the in-plane my com-
ponent of the MD moment of spherical silicon NP irradiated
by a SPP plane wave. The parameters are as in Fig. 2.
λ = 650 nm) is due to the bianisotropic effect, where
the ED response is induced mainly by the electric field
generated by the MD and reflected from the metal sub-
strate surface. This is a reason why this antiresonance is
appeared at the condition of the MD resonance and the
induced in-plane ED moment is out of the phase with ex-
ternal incident electric field. Generally, the bianisotropic
effect can be perceived as an excitation of the in-plane
electric (magnetic) dipole moment by the magnetic (elec-
tric) field of incident electromagnetic waves.36 In this
case the in-plane components of electric p|| = (px, py)
and magnetic m|| = (mx,my) dipole moments are deter-
mined by the expressions
p|| = αˆeE0 + αˆehH0 (19)
m|| = αˆhH0 + αˆheE0 , (20)
where the tensors αˆeh, and αˆhe providing the bian-
isotropy effect and the direct polarizability tensors αˆe,
αˆh, are depended on the electromagnetic interaction be-
tween the NP and substrate. Moreover αˆeh = µ0αˆhe.
36
In the spectral region corresponding to the px antireso-
nance the magnitudes of px and pz are close to each other
(Fig. 5). Therefore both ED components and the MD
will determine the scattered light waves (12) and (13).
However, due to the bianisotropic effect, the scattered
electric field generated by px will be out of phase with
respect to the electric field generated by my. As a re-
sult the scattered light waves propagating away from the
surface will be partially suppressed providing the mini-
mum of σLight (Fig. 2a) and the maximum for the ra-
tio σSPP/σLight (Fig. 2b). Thus the spectral difference
between the two resonances presented in Fig. 2b is ex-
plained i) by different importance of the in-plane com-
ponent px in the two scattering channels and ii) by the
bianisotropic effect.
In order to realize the resonant unidirectional and elas-
tic SPP scattering within the same spectral region, one
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FIG. 6: The magnitudes of the (a) out-of-plane pz and (b) in-
plane px components of the ED moment and (c) the in-plane
my component of the MD moment of spheroid silicon NPs
irradiated by a SPP plane wave. q is the NP aspect ratio.
The volume of the NPs are corresponded to a spherical NP
with the radius of 95 nm.
has to increase the contribution of the in-plane compo-
nent px into the elastic SPP scattering. Here, we suggest
to achieve this effect by reshaping spherical particles into
oblate spheroids. It is seen (Fig. 6) that different as-
pect ratios q (q = 1 corresponds to spherical shape, for
oblate spheroids q > 1) result in different magnitudes of
the dipole components px, pz, and my excited by SPP
plane waves in silicon oblate spheroids. Note that the
considered NPs have the same volume, corresponding to
a sphere with the radius of 95 nm. With increasing of
the oblation parameters q the magnitude of the in-plane
dipole component px grows including the two resonances
(Fig. 6b). The other (out-of-plane) dipole component
pz is decreased with increasing q (Fig. 6a) providing
more important influence of px on the SPP scattering in
the case of oblate NPs. Note that the two resonances
of px (q = 1.8) are appeared at the spectral regions
where the corresponding resonances of my are also ex-
cited (Fig. 6b and c). This correlation is a result of the
bianisotropy effect connecting the electric and MD reso-
nances. The spectral shifts of the px and my resonances
with changing of q are a result of complex combination
of the byanisotropy and dressing effects. The latter can
be illustrated using the image theory. For more oblate
spheroid NPs the distance between induced dipoles and
their images (with respect to metal-mirror surface) is de-
creased providing more strong interaction between them.
As a result the in-plane MD (ED) resonance could have
blue (red) shift because the MD (ED) and its image are
directed in the same (opposite) directions.37
Thus the two resonances and the spectral difference
between them shown in Fig. 6b and c for the oblate
spheroid NP with q = 1.8 explain the spectral features of
the extinction and scattering cross sections presented in
Fig. 7. The multipole decomposition in Fig. 7a confirms
that the extinction and scattering cross section are de-
termined by the electric and MD modes excited by SPP
waves inside the oblate NP. In contrast to the results
shown in Fig. 3 for the spherical NP the negative contri-
bution of px-term into the short-wavelength resonance of
the total extinction cross section in Fig. 7a is increased
indicating on importance of the in-plane px component
in the SPP scattering. As a result the elastic SPP scat-
tering maximum (σSPP/σLight) and the maximum of the
SPP forward scattering (FSPP/BSPP) are realized at the
narrow spectral region around λ = 610nm (Fig. 8). It
is seen from the figure that under these conditions the
SPP forward (SPP elastic) scattering is ten (five) times
more effective than the SPP backward (SPP into light)
scattering. The more broad resonance of FSPP/BSPP at
λ = 790nm in Fig. 8 is realized when σSPP/σLight ≃ 1.
For the explicit demonstration of the SPP backward
scattering suppression, we calculated the SPP intensity
distribution in a plane located in near-field zone above
the metal substrate surface with the oblate NP (q = 1.8)
illuminated by an incident SPP wave corresponding to
the resonant wavelength λ = 614nm. The spatial in-
tensity distribution of scattered SPP demonstrates close
to complete suppression of the SPP backward scattering
(Fig. 9). Moreover, the SPP-into-light scattering is also
significantly weakened at this resonant wavelength (Fig.
10). Concluding this subsection, we note that, if a space
gap between the oblate NPs and metal substrate surface
increases, the spectral distribution of the SPP scattering
cross section begins to look like that of the scattering
cross section for spherical NPs located on the substrate
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FIG. 7: (a) Extinction cross-section spectra of a oblate
spheroid silicon NP (the aspect ratio q = 1.8, the volume cor-
responds to a spherical NP with radius of 95 nm) located on
a gold surface and irradiated by a SPP plane wave. The plot
shows different multipole contributions to the total extinc-
tion cross section: ED electric dipole; MD magnetic dipole;
EQ electric quadrupole. (b) Scattering cross-section spectra
of this spheroid silicon NP. SPP (Light) corresponds to σSPP
(σLight).
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FIG. 8: Spectral dependence of the ratios σSPP/σLight and
FSPP/FLight for the spheroid silicon NP irradiated by a SPP
plane wave. The parameters are as in Fig. 9.
FIG. 9: Scattered SPP electric field intensity (arb.units) cal-
culated 150 nm above the air-gold interface for the SPP plane
wave (light wavelength 614 nm) being incident on the oblate
spheroid silicon NP (q = 1.8). The black circles indicate the
NP position.
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FIG. 10: Differential scattering cross-sections (scattering di-
agrams) of SPP-into-light scattering by the oblate spheroid
silicon NP (q = 1.8) calculated in the xz-plane.
surface.
B. Light scattering
Let us consider the reciprocal light scattering from sil-
icon NPs located on a gold surface and having param-
eters as in the previous subsection. Here we assume a
normal incidence of linear-polarized light plane waves as
it is shown in Fig. 1b. The spectra of extinction cross
sections for spherical and oblate spheroid NPs are pre-
sented in Fig. 11. From the multipole decompositions
included there it is clear that the optical properties of
the NPs are determined by solely their electric and MD
moments. Due to the byanisotropy effect the both reso-
nant peaks of the extinction cross sections in Fig. 11a,b
are corresponded to the simultaneous resonant excitation
of the electric and MD moments. In contrast to the case
of the SPP scattering here the partial negative contribu-
tion in total extinction cross sections is corresponded to
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FIG. 11: Extinction cross-section spectra of (a) spherical and
(b) oblate spheroid silicon NPs (q is the aspect ratio, the vol-
umes correspond to a spherical NP with radius of 95 nm)
located on a gold surface and irradiated by a normally inci-
dent light plane waves. The plot shows different multipole
contributions to the total extinction cross section. (c) Scat-
tering cross-section spectra of the same spheroid silicon NP.
SPP (Light) corresponds to σSPP (σLight).
the MD term (MD) of the multipole decomposition (Fig.
11). That is resulted from different space distributions
of the electric and magnetic fields of the incident SPP
and light waves near a metal surface. Note that the NP
MD moment is not in phase with the magnetic field of
the incident light waves at the spectral region where the
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FIG. 12: Spectral dependence of the function f = |(iapx−(1−
a2)
√
µ0ε0 my)|2 for the spherical and oblate spheroid silicon
NPs, Eq. (21).
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FIG. 13: Spectral dependence of σSPP/σLight calculated for
the spherical and oblate spheroid silicon NPs irradiated by
normal-incident light plane waves.
MD contribution in the extinction cross section is nega-
tive. Another important difference from the case of SPP
scattering is the absence of the out-of-plane component
pz under the condition of normal light incidence. Conse-
quently, Eq.(9) reduces to the following one:
ESPPz ∼ (iapx − (1− a2)√µ0ε0 my) cosϕ (21)
for the incident light polarized along the x-axis. As a
result, we obtain the condition for the suppression of SPP
excitation in the system
px ≈ −
√
µ0ε0εs
εd
my , (22)
where εs is the complex number and one takes
√−1 = i.
Owing to the bianisotropy interaction existing only be-
tween the in-plane ED and MD components, the condi-
tion (22) could be satisfied in the spectral region, where
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FIG. 14: Scattering cross-section spectra of spherical silicon
NPs with the radius of 95 nm located on a gold surface and
irradiated by a incline-incident light plane waves. The inci-
dent angle is equal to 70o. SPP (Light) corresponds to σSPP
(σLight).
resonances of the ED and MD contributions in the ex-
tinction spectrum have opposite signs. Indeed, one no-
tices (Fig. 11c) that the scattering of light into SPP
is significantly suppressed in the spectral region below
λ = 600 nm. Figure 12 demonstrates the spectral depen-
dence of the expression f = |(iapx− (1−a2)√µ0ε0my)|2
from (21) for the spherical and spheroid NPs. In the
both cases the minimum (maximum) of excited SPPs in
the considered systems is realized at the condition of the
short-wavelength (long-wavelength) resonance of the to-
tal extinction and scattering cross sections (Fig. 11).
Importantly the SPP suppression is realized for silicon
nanospheroids with different aspect ratios at the condi-
tion of the short-wavelength resonance because the NP
electric and MD resonances are automatically adjusted to
each other due to the strong bianisotropy effect. Chang-
ing the NP shape it is possible to shift the spectral point
where the SPP excitation is suppressed (Fig. 13). Sim-
ilar behavior can be also realized by changing the NP
sizes at the fixed shape.
Concluding this section let us briefly discuss the scat-
tering of incline-incident light plane waves. Figure 14
demonstrates the scattering cross sections calculated for
the 70o incidence of light waves with TM- and TE-
polarization. In the case of the TM-polarization light
(Fig. 14 a) the partial scattering cross section σSPP ex-
ceeds the section σLight because of the contribution of
the large out-of-plane ED component pz excited by the
electric field of the incident light wave. Partially the sit-
uation reminds the SPP scattering (Fig. 2 a) where the
out-of-plane ED component pz plays a principal role. In
the case of the TE-polarization light (Fig. 14 b) the effi-
ciency of scattering into light exceeds the scattering into
SPPs as it is realized in the case of the normal-incident
light. Additional resonant peak at λ = 710 nm in Fig. 14
b corresponds to resonant excitation of the out-of-plane
MD component mz. However, as already has been indi-
cated above, this component does not participate in the
SPP excitation and can increase the only light-into-light
scattering cross section.
IV. CONCLUSION
The multipole analysis of SPP and light scattering
by arbitrary-shaped NPs located on a plane surface has
been applied to study the optical response of individual
spheroidal silicon NPs with sizes of the order of 200 nm
being placed near a gold surface. Using numerical calcu-
lations by the DDA method together with the multipole
decomposition procedure, we showed that the extinction
and scattering cross sections of the silicon NPs have two
resonances (in the spectral range of λ ∈ [575− 825] nm)
corresponding to the resonant excitations of their ED
and MD moments. Due to the bianisotropy effect, the
in-plane ED and MD components are excited by both
electric and magnetic fields of incident electromagnetic
waves. As a result, the resonant peaks of the extinction
cross sections can include both ED and MD resonant con-
tributions. It was found that, in the case of SPP scat-
tering by oblate spheroidal silicon NPs, the ED and MD
resonant excitations can ensure resonant unidirectional
and elastic SPP scattering within the spectral range that
is determined by the NP aspect ratio. For NPs with the
aspect ratio of 1.8, it was obtained that at the wavelength
λ = 610 nm the SPP forward (elastic)scattering is ten
(five) times more effective than the SPP backward (SPP
into light) scattering. The suppression of SPP scattering
into light is connected with the destructive interference
between light waves radiated by the induced ED and MD
moments of NP.
We have also discussed a role of the bianisotropy ef-
fect in the realization of the efficient elastic SPP scatter-
ing. It was shown that due to the bianisotropy effect the
contributions of the in-plane ED and MD components to
the extinction cross section can be of opposite signs. In
this case, the destructive interference between the waves
generated by these dipole components can suppress the
considered scattering channel. In the case of SPP inci-
dence, this destructive interference practically eliminates
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FIG. 15: Magnitudes of the ED moment p and the MD mo-
ment
√
µ0ε0 m of a spheroidal silicon NP with q = 1.8 irra-
diated by (a) normal-incident light plane waves and (b) by
SPP plane waves. The NP volume corresponds to that of a
spherical 95-nm-radius NP.
(out-of-plane) scattering into light, whereas in the case
of normally incident light, this ensures efficient suppres-
sion of SPP excitation in the system. The appropriate
analytical condition for the suppression of the SPP ex-
citation has been obtained. Difference in SPP and light
scattering by NPs is connected with different spatial dis-
tributions of the electric and magnetic fields created in
these two cases near a gold surface. In the case of nor-
mally incident light waves, the induced ED p exceeds the
induced MD
√
µ0ε0m (where
√
µ0ε0 is the dimension fac-
tor) within the considered spectral range (Fig. 15 a). As
a result, only the SPP scattering suppression can be re-
alized in the system at the short-wavelength resonance
(Fig. 15 a). In the case of SPP scattering, the corre-
sponding magnitudes of p and
√
µ0ε0 m can be equal to
each other at the short-wavelength resonance (Fig. 15 b),
providing the possibility of suppression of SPP-into-light
scattering (Fig. 8). Additionally, it was shown that, in
the case of oblique light incidence, the scattering cross
sections for scattering into light and SPP excitation are
strongly dependent on the light polarization.
Summarizing, the results obtained demonstrate di-
rectly that high-refractive-index dielectric NPs (for ex-
ample, crystalline silicon NPs), supporting resonant ex-
citation of the MD and ED modes and being located on
metal (gold, silver)) substrates, can be used for the re-
alization of unidirectional and elastic SPP scattering as
well as for the suppression of SPP scattering when illu-
minated by light. We believe that these unique optical
properties are very important for designing SPP-based
photonic components and metasurfaces for control and
manipulation of SPP and light waves.
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